Amyloid precursor protein (APP), encoded on Hsa21, functions as a cell adhesion molecule (CAM) in axonal growth cones (GCs) of the developing brain. We show here that axonal GCs of human fetal Down syndrome (DS) neurons (and of a DS mouse model) overexpress APP protein relative to euploid controls. We investigated whether DS neurons generate an abnormal, APP-dependent GC phenotype in vitro. On laminin, which binds APP and ␤1 integrins (Itgb1), DS neurons formed enlarged and faster-advancing GCs compared to controls. On peptide matrices that bind APP only, but not on those binding exclusively Itgb1 or L1CAM, DS GCs were significantly enlarged (2.0-fold), formed increased close adhesions (1.8-fold), and advanced faster (1.4-fold). In assays involving alternating stripes of monospecific matrices, human control GCs exhibited no preference for any of the substrates, whereas DS GCs preferred the APP-binding matrix (cross-over decreased significantly from 48.2 to 27.2%). Reducing APP expression in DS GCs with siRNA normalized most measures of the phenotype, including substrate choice. These experiments show that human DS neurons exhibit an APP-dependent, abnormal GC phenotype characterized by increased adhesion and altered contact guidance. The results suggest that APP overexpression may perturb axonal pathfinding and circuit formation in developing DS brain
Down syndrome (DS), resulting from trisomy of Hsa21, is the most common cause of intellectual disability of known genetic etiology. However, the molecular and cellular mechanisms that cause the cognitive deficits are poorly understood. Among the many triplicate genes in DS is that encoding amyloid precursor protein (APP), a transmembrane glycoprotein known for its association with the pathogenesis of Alzheimer disease (1) (2) (3) (4) . Indeed, APP overdosage is believed to be responsible for the high incidence of early-onset Alzheimer disease in persons with DS. However, APP also is of great interest in development because of its high expression level in the developing CNS, and differentiating neurons in particular (5) (6) (7) (8) (9) . Indeed, App-dependent endosomal abnormalities and impaired neuronal differentiation have been reported in the DS mouse model Ts65Dn (10 -12) . In rat brain, App also was found to be highly enriched in the axonal growth cone (GC), the leading edge of the growing axon (13) . APP has been known for some time to interact with extracellular matrix (ECM) molecules (14 -23) and to be involved in cell migration and neurite outgrowth (24 -30) , but its function as a cell adhesion molecule has been demonstrated only recently (31) . These studies showed that the dosage of App protein significantly affects GC adhesion and spreading, even on a complex ECM component such as laminin, which contains distinct binding sites for both App and ␤1 integrin (Itgb1; also present in GCs; refs. 16, 32) . Particularly important is the observation that App levels affect GC contact guidance in vitro (31) . As contact guidance is one of the mechanisms necessary for appropriate axonal pathfinding in the developing brain (33) , defects in this mechanism are likely to result in miswiring of the brain and, thus, impairment of brain function, including cognitive deficit.
Our findings raised the questions of whether GCs of DS neurons exhibit a phenotype that might contribute to the neurodevelopmental deficits observed in DS, and to what extent such a phenotype depends on APP dosage. The present report addresses these questions in a series of in vitro studies with hippocampal neurons from the Ts65Dn mouse model of DS (34, 35) and, especially, with primary DS and euploid human fetal cortical neurons. It is important to consider that Ts65Dn mice are trisomic only for a subset of the genes located on Hsa21 (this includes the APP gene, however). Therefore, the analysis of human neurons is critical if we wish to understand brain development in the framework of the full complexity of human trisomy 21. The present studies show that, at least in vitro, DS neurons exhibit a significantly altered GC phenotype that includes perturbation of contact guidance.
MATERIALS AND METHODS

Materials
The primary antibodies used were: anti-N-terminal App (Sigma-Aldrich, St. Louis, MO, USA) and anti-Gap43 (AbCam, Cambridge, MA, USA) for blots; anti-C-terminal App (Epitomics, Burlingame, CA, USA), used for immunofluorescence.
The secondary antibodies used were anti-rabbit IgG conjugated with Alexa Fluor 647 (Cy5; for Western blot) and anti-rabbit IgG conjugated with Alexa Fluor 594 (red), from Cell Signaling Technology (Boston, MA, USA). Other fluorescent labels were phalloidin conjugated with Alexa Fluor 488 or 555 and Alexa Fluor 488-and 555-conjugated bovine serum albumin (BSA), from Molecular Probes (Eugene, OR, USA). To generate the monospecific culture substrates, we used peptides synthesized by GenicBio (Shenzhen, China). The sequence of the APP-binding peptide (Abp) was ARKQAASIKVAVS (16, 36) . The Itga3b1-binding peptide sequence (Ibp) was PPFLMLLKGSTR (32) .
The APP-targeted siRNAs (siAPPs) and the control scrambled siRNAs (scrRNAs) were obtained from Integrated DNA Technologies (Coralville, IA, USA). Their sequences were as follows (3 siRNAs were used together): NM_019288 duplex 1 5=-AGAAUCCAACAUACAAGUUCUUUGA-3=, NM_019288 duplex 2 5=-GCCAAAGAGACAUGCAGUGAGAAGA-3=, and NM_019288 duplex 3 5=-GUCAUAGCAACAGUGAUUGU-CAUCA-3=. Control duplexes (DS ScrambledNeg; "scrambled") were sequences not present in the human, rat, or mouse transcriptomes.
Culture reagents and their sources were: Human laminin, from Sigma-Aldrich; mouse laminin, culture media, N2, and B27 supplements, Life Technology (Carlsbad, CA, USA). All other reagents were of the purest grade available and purchased from Sigma-Aldrich or Thermo-Fisher Scientific (Waltham, MA, USA).
Animals
The mice in this study [wild type (WT), C57BL/6J; Ts65Dn and their euploid littermates] were bred and maintained in an AAALAC-approved facility (Animal Welfare Assurance number PHS A3269-01). Breeders were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were handled and humanely euthanized in compliance with protocol B21711(01)1E (approved by the University of Colorado Denver's Animal Care and Use Committee), the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Human neurons
Fetal human cortical brain samples (17-20 wk gestational age) were procured under protocols approved by the Internal Review Board of the University of California-Irvine. The protocols for obtaining fetal brain tissue comply with all federal and institutional guidelines, especially with respect to the confidentiality of the donor's identity. Written informed consent was obtained from all tissue donors. As the samples were obtained postmortem, are deidentified, and cannot be traced back to the donors, they have exempt status. Frozen tissue blocks were sent from the University of California-Irvine to the University of Colorado for the culture work (see below).
GC isolation
Mouse GC particles (GCPs) were isolated from individual brains following a protocol modified after previous reports (37, 38) . Individual newborn mouse brains were homogenized in 450 l of 0.32 M sucrose containing 1 mM MgCl 2 , 2 mM TES buffer (2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino] ethanesulfonic acid), pH 7.3, and 2 M aprotinin (all procedures at 4°C). The homogenate was placed in 0.6-ml tubes in a SW55Ti rotor (Beckman Coulter, Fullerton, CA, USA) and spun for 10 min at 1092 g av . The resulting low-speed supernatant (LSS; 0.4 ml) was layered onto 0.2 ml of 0.83 M sucrose containing 1 mM MgCl 2 and 2 mM TES and centrifuged in a TLA-120.2 rotor (Beckman Coulter) for 12 min at 244,632 g av (acceleration 5 min, deceleration 7 min). The band containing the GCPs was recovered from the interface and diluted in 0.32 M sucrose to a final volume of 1.5 ml. The samples were spun in a JA-18.1 rotor (Beckman Coulter) for 45 min at 37,480 g av . The supernatant was discarded, and the pellet (GCPs) was resuspended in 20 l of 0.32 M sucrose for protein analysis and electrophoresis.
Gel electrophoresis and Western blot
Samples were resolved by SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Blots were blocked with 5% nonfat milk and 0.1% Tween-20 in Trisbuffered saline (TBS) for at least 1 h, incubated with primary antibody for 1 h (room temperature), washed with TBS-Tween-20 3 times, incubated with Cy5 fluorophore-conjugated secondary antibody for 1 h, and washed. Bound antibody was quantified in a laser fluorescence scanner (Typhoon 9400; GE Healthcare, Piscataway, NJ, USA).
Cell culture and transfection
Cultures of human cortical neurons were prepared essentially as described previously (39) : Frozen tissue blocks were thawed by transferring the vial content (1.5-2 ml) to 50 ml of Hank's balanced salt solution (HBSS) at 37°C in order to remove DMSO. The tissues were retrieved from the bottom of the conical tube, placed in 10 ml HBSS with 400 l of 0.25% trypsin (Life Technology) and incubated for 2 ϫ 5 min at 37°C, the second time with gentle agitation. The tissues were washed with 10 ml of Dulbecco's modified Eagle's medium (DMEM) for 5 min and then dissociated gently with a wide-orifice pipette tip in 10 ml DMEM plus N2 supplement. For some experiments, dissociated DS neurons were transfected prior to plating with siAPP (0.3 nM each of 3 sequences), or control scrRNA, plus 0.7 g pmaxGFP vector to label transfected cells (Lonza Group, Basel, Switzerland) in 100 l. Transfection was by electroporation, using the optimized Amaxa Nucleofector (Lonza Group) protocol (OO3). For these studies, we used cortical neurons from 10 euploid and 11 DS fetus. Dissociated hippocampal mouse neurons were obtained from newborn mice. Pups were karyotyped to identify Ts65Dn and euploid littermates (which served as control) before setting up the cultures.
Uniform culture substrates and media
The dissociated human and mouse neurons were plated onto laminin-, peptide-, or L1 cell adhesion molecule (CAM) outer domain (eL1)-coated glass coverslips (Assistent Brand; Carolina Biological Supply, Burlington, NC, USA). Synthetic culture substrates were prepared by coating 25-mm coverslips with 10 g Abp or Ibp or with 2.85 g eL1 as described previously (31) . The mouse and human neurons plated on laminin were maintained in DMEM plus N2 and B27 supplements, without serum (40) . For the culture of the human neurons on the synthetic matrices, we used only the N2 supplements, but without putrescine in order to avoid nonspecific cell adhesion to the substrate.
Substrate choice assays
Striped matrices of paired Abp, Ibp, or eL1 were made essentially as described previously (31, 41, 42) . After placing the silicone "stamp" (consisting of alternating, 55/45m-wide bars and channels) onto the coverslip, the first peptide solution [75 M in phosphate-buffered saline (PBS)] was infused and incubated for 1 h at 37°C. To mark the first set of stripes, we incubated them with Alexa Fluor 488-BSA or 555-BSA (150 nM) for 1 h at 37°C, before blocking them with 1% (w/v) BSA in PBS for 30 min at 37°C. To establish the second set of lanes, we removed the stamp and added the second peptide (75 M). The eL1 substrate was deposited in the same manner, at a concentration of 10 g/ml. After incubation for 1h at 37°C, we washed and blocked the matrices with 1% BSA in PBS for 30 min at 37°C. Thereafter, dissociated neurons were deposited on these matrices and allowed to grow for 2 d in N2 medium before fixation and processing for microscopy. The axonal substrate preference was assessed quantitatively with the border zone analysis (31) .
Cell labeling and microscopy
Cells were fixed using slow infusion of 4% (w/v) formaldehyde in 0.1 M phosphate buffer (pH 7.4) with 120 mM glucose and 0.4 mM CaCl 2 for a total of 30 min (43) . Cultures were rinsed with PBS containing 1 mM glycine, permeabilized for 2 min with 1% (v/v) Brij98 detergent in blocking buffer (PBS with 1% w/v BSA) and placed in blocking buffer for 1 h. Cultures were incubated with primary antibody for 1 h, washed with blocking buffer (3ϫ), labeled with Alexa Fluor 594-conjugated secondary antibodies (1 h), and washed before embedding in Fluoromount-G reagent (Southern Biotech, Birmingham, AL, USA). Some samples were incubated with Alexa Fluor 488 or 555-phalloidin conjugate to label filamentous actin. These procedures were performed at room temperature.
Images were acquired with a Zeiss Axiovert 200M microscope with Zeiss optics (objectives: ϫ40 Fluar ϫ40/1.3; Plan-Apo ϫ63/1.4; Alpha Plan-Apo ϫ100/1.46; Carl Zeiss, Oberkochen, Germany) and Cooke Sensicam camera (Cooke Corp., Romulus, MI, USA), controlled by Manager software (44) . To acquire reflection interference contrast microscopy (RICM) images (45) , live cultures were placed in an open chamber with medium, layered over with inert mineral oil, and examined under convective heating. Close adhesions were quantified using thresholding and area measurement (Metamorph software, Molecular Devices, Sunnyvale, CA, USA; ref. 46 ). For total internal reflection fluorescence (TIRF) microscopy, cells were examined with the ϫ100/1.46 objective, in combination with an argon/krypton laser-coupled TIRF illuminator (Zeiss).
Statistical analysis
Student's 2-sample t test was used to examine the statistically significant difference for 2-group comparisons as previously reported for essentially the same assays (31) . For comparisons with Ͼ2 groups, unbalanced 1-way analysis of variance (ANOVA), followed by its post hoc pairwise comparisons, or planned contrast analysis with appropriate correction for multiple comparisons were performed to study the group differences. More specifically, unbalanced ANOVA followed by post hoc Tukey-Kramer test was performed for the comparisons of Ts65Dn, euploid and WT. For the comparisons involving euploid, DS, DSϩsiAPP, and DSϩscrRNA on Abp, we conducted unbalanced ANOVA followed by planned contrast analysis ( 
RESULTS
App level and phenotype of Ts65Dn GCs on laminin
Axonal GCs can be isolated by subcellular fractionation from developing rodent brain for biochemical analysis (37) . Like in rat brain (13) , App is highly enriched in such GCPs of the mouse brain, at least as much as the GC marker protein Gap43 (Fig. 1A) . Using GCP isolation and quantitative analysis of Western blots, we determined that App protein was increased ϳ1.7fold in Ts65Dn GCs compared to those from euploid littermates (P Ͻ 0.0001; Fig. 1A ). These data suggested that, on App-binding matrices, such as laminin, Ts65Dn neurons and, especially, their GCs should be more spread out and adherent. This property was analyzed by phase-contrast microscopy and RICM, a well-established method for imaging the reduced cell-substrate gap characteristic of cellular adhesive structures or "close adhesions" (45, (47) (48) (49) . When hippocampal neurons from Ts65Dn mice were grown on laminin, their GCs were significantly larger, formed larger adhesive areas (as seen by RICM) and advanced faster compared to those from euploid littermates or WT mice (Fig. 1B-E and Table 1 ).
[Because of the complex genetic background of the Ts65Dn mice (50), the appropriate controls are euploid littermates. However, to allow for comparison with data from commonly used WT mice, we also show results from C57BL6J mice]. The Ts65Dn neurons were further characterized by an abundance of appendages of variable size and shape. In GCs, they were readily identifiable as filopodia, but on parikarya, axon shafts, and dendrites, they were difficult to distinguish from emerging neurites, neurite branches, or filopodial/lamellipodial structures. Therefore, we refer to them as unidentified projections. They were significantly more numerous in Ts65Dn neurons than those on euploid littermate and WT neurons. Overall, these results showed that developing Ts65Dn neurons and GCs exhibited an abnormal phenotype on laminin in vitro. Because of the important neurodevelopmental implications of this observation, we proceeded to analyze the phenotype of primary human DS neurons in vitro.
APP level and phenotype of DS neurons on laminin
It was not feasible to isolate human GCs for biochemical analysis. Therefore, we assessed APP levels in DS GCs by immunolabeling combined with TIRF microscopy. TIRF microscopy chiefly images the substratefacing plasma membrane of cells, because excitation of fluorophores by the evanescent wave is effectively limited to a sample depth of ϳ150 nm. Therefore, the TIRF GC images reveal primarily plasmalemmal APP, with only minimal signal contribution by internal membrane compartments. As shown in Fig. 2 , APP fluorescence intensity in the adherent plasma membrane of DS GCs on laminin was increased about 8-fold relative to that of euploid GCs, indicating a significant increase in surface APP. This is consistent with previous results Table 1 for P values obtained by ANOVA post hoc Tukey-Kramer test. n ϭ number of neurons analyzed from Ն3 mice. that APP levels are well above the predicted dosage in DS neurons (51) . The DS GCs were greatly enlarged, advanced faster (axon length after 48 h in culture) and were richer in filopodia than their euploid controls (Fig. 2) . Neuronal perikarya exhibited an increased number of unidentified projections, and axons were broadly attached, with an abundance of such projections. Thus, the human DS GCs were distinct from their euploid controls and similar to those from Ts65Dn mice.
Analysis of DS GC adhesions
To study the adhesions of DS GCs in detail, we grew these neurons on monospecific matrices, laminin-derived peptides that bound only APP (Abp; ref. 16 ) or Itgb1s (Ibp; ref. 32 ), or the L1 CAM (eL1; ref. 52 ). These matrices supported normal survival and outgrowth of mouse cortical and hippocampal neurons in vitro (31) . Euploid human cortical neurons also grew normally and formed close adhesions on these synthetic matrices.
We measured the relative APP fluorescence intensities of euploid vs. DS GCs on Abp using TIRF images. The average difference was not as great as on laminin but still a significant 2.3-fold ( Fig. 3C and Table 2 ). Comparisons of axon outgrowth, GC configuration, and GC close adhesion of DS and euploid neurons on the different synthetic matrices are shown in Fig. 3A . The images and quantitative analyses ( Fig. 3C and Table 2 ) indicated that DS neurons exhibited a distinctive phenotype, including enhanced GC spreading, significantly enlarged close adhesive area, and increased axon length (in 48 h), on Abp but not on the other matrices. The number of GC filopodia also was increased in DS vs. euploid neurons, but this phenomenon was not strictly substrate dependent. On Ibp and eL1 filopodial numbers of DS GCs were increased significantly com- pared to control GCs, but they did not reach the level of DS GCs on Abp (Fig. 3A, C and Table 2 ). Overall, however, our results suggested that APP played a significant and important role in the generation of the DS neuron phenotype, especially GC adhesion, spreading and axon elongation. Based on these observations we decided to reduce APP expression by siRNA transfection in DS neurons growing on Abp in order to test whether the normal GC phenotype could be restored in these neurons. Transfection with the scrRNA control did not seem to affect any of the measured parameters. The partial reduction of APP expression in DS neurons, as determined by TIRF microscopy, is shown in Fig. 3B , C and resulted in an average GC APP level that was indistinguishable from euploid controls. Axon length (after 48 h) and GC area of such neurons were significantly reduced compared to those of DS neurons transfected with scrambled siRNA and not different from euploid controls. Treatment with siAPP also reduced the number of GC filopodia significantly compared to nontransfected DS controls. However, the DS ϩ siAPP value was statistically indistinguishable from both the DS ϩ scrRNA control and the euploid neurons. This implied that siRNA-induced return to euploid level was not com- Table 2 for P values obtained by planned contrast analysis of ANOVA (AN; adjusted for multiple comparisons).*P values obtained by Student's t tests, together with n values (number of neurons analyzed from Ն3 samples), are shown below bar graphs. plete, as suggested by the bar graph in Fig. 3 (also note that the DSϩsiAPP value on Abp corresponds to the DS values on Ibp and eL1). Together with the fact that these filopodia were not completely substrate (Abp) dependent, this result suggested the involvement of other genes. Aside from GC filopodia, however, partial APP knockdown restored the normal phenotype in DS neurons in these experiments on Abp.
Contact guidance of human cortical axons in vitro
GC contact guidance plays an important role in the establishment of neuronal networks in the developing brain. To test GCs for differences in substrate preference, we prepared culture matrices consisting of stripes of alternating substrates (one of them quenched with fluorescent BSA for identification; ref. 31 ) and plated the human neurons on them. For quantitative analysis, we focused on two border zones, 5 m wide, on either side of the interfaces between the substrates. Once within these zones, the GCs (ϳ5 m diameter) could detect the juxtaposed matrix and thus choose between the substrates. For each axon, we measured the cumulative length grown in the juxtaposed border zone as a percentage of the total combined lengths grown in both border zones (31) . Thus, 50% crossover meant that there was no preference for either substrate. We found that euploid GCs had no preference for any one of the 3 substrates, and that the DS GCs did not favor either substrate in an eL1 vs. Ibp comparison ( Fig. 4 and Table 3 ). However, in the Abp vs. Ibp juxtaposition, DS GCs significantly favored Abp over Ibp. Therefore, DS GCs exhibited abnormal contact guidance in a comparison that involved an APP-binding substrate.
We also tested whether partial APP knockdown (see Fig. 3B , C and Table 2 ) restored the normal contact guidance phenotype in DS neurons. DS neurons transfected with the scrRNA sequence were indistinguishable from nontransfected DS neurons in Abp ¡ Ibp juxtapositions; i.e., they also showed preference for Abp ( Fig. 4 and Table 3 ). On transfection with siAPP and reduction of GC APP levels to euploid, however, DS neurons lost this substrate preference and behaved like euploid neurons. . Matrices deposited first were labeled with fluorescent BSA. pk, perikaryon; gc, axonal GC. Arrowheads indicate an axon that grew along the Abp substrate of origin (where pk is located) without crossing onto the juxtaposed Ibp matrix. Scale bar ϭ 20 m. B) Quantitative data obtained with the border zone analysis (50% crossover indicates no substrate preference; reduced crossover means preference for the substrate of origin, i.e., Abp for left set of bars. See Table 3 for adjusted P values for Abp ¡ Ibp and eL1 ¡ Ibp experiments. n ϭ number of neurons analyzed from Ն3 samples.
DISCUSSION
Overexpression of APP in DS GCs
It has been known that App/APP is overexpressed in the brains of Ts65Dn mice, DS subjects (35, (53) (54) (55) (56) (57) , and DS cortical neurons in culture (51) , but no data were available on GCs. Our data show that the total amount of App protein is significantly increased in axonal GCs of Ts65Dn neurons compared to those of euploid littermates. The elevated (1.7-fold) protein level is slightly above what one would expect on the basis of gene dosage alone. We do not know, however, what fraction of the APP detected by Western blot is in the plasma membrane. Our microscopic analysis of human GCs labeled with APP antibody showed that the TIRF signal of the GC's adhesive plasma membrane was increased about 8-fold on laminin and ϳ2.3-fold on Abp compared to euploid controls. We do not know why these numbers differed, and why they were greater than the increase measured by Western blot in the isolated mouse GCs. Species differences and nonlinearity of the measurements are possible explanations. More likely, however, are the possibilities that APP clustering at the adhesions (known to occur; see ref. 31 ) increases the signal detected by TIRF; the majority of overexpressed APP is inserted into the plasmalemma rather than contained in internal compartments; and the endocytic pathway, and thus internalization of APP, is impaired (58) in DS neurons. In fact, all explanations may apply to some degree. In any case, the important result in the present context is that the TIRF measurements demonstrated a significant increase in APP expression in DS GCs. This observation prompted our hypothesis that both the DS GC and its mouse model counterpart exhibit a phenotype comprising some of the characteristics of GCs overexpressing APP alone.
We observed that on the physiological substrate laminin, which binds both App/APP and Itgb1s (16, 32) , Ts65Dn mouse, and human DS GCs of hippocampal and cortical neurons, respectively, are enlarged, exhibit increased close-adhesion areas, bear an increased number of filopodia, and advance faster compared to euploid controls. Indeed, these differences constitute a distinctive phenotype for the Ts65Dn and DS growing neurons that resembles growing mouse hippocampal neurons overexpressing APP alone (31) .
Spreading, substrate adhesion, and advance of DS GCs
To examine GC adhesion of human neurons in greater detail, we grew them on monospecific growth substrates. In contrast to euploid neurons, DS cortical neurons formed very large and strongly adhesive GCs on Abp. On Ibp and eL1, however, DS neurons formed axonal GCs that were almost identical to those of euploid neurons. This property of the DS GCs was very similar to that of GCs overexpressing APP alone (31) . Therefore, enhanced adhesion and spreading of DS GCs were dependent on the level of APP protein. This conclusion was confirmed by partial APP knockdown in DS neurons using siAPP. The resulting APP protein level in such GCs, as assessed for the adhesive plasma membrane using TIRF microscopy, was reduced but not eliminated and very similar to that of euploid GCs. This normalization of APP protein did indeed reduce GC area to that found in euploid human neurons on the Abp substrate. It follows from these experiments that DS GCs exhibit an abnormally spread-out and adhesive phenotype that depends, at least to a large degree, on the increased APP gene dosage and the resulting overexpression of the adhesion molecule APP.
The Ts65Dn and DS GCs advanced more rapidly than their controls on laminin as judged from the axon lengths after the first 24 or 48 h in vitro. The same observation was made for DS neurons on Abp, but not on Ibp and eL1, indicating that increased axon growth of these neurons was dependent on APP-mediated cell adhesion. Yet, in our earlier experimentation (31) the axons of APP-overexpressing neurons grew more slowly on Abp compared to control axons. As we explained, amoeboid cell motility (a process analogous to GC advance) depends on cell adhesion in bimodal fashion, with motility decreased below and above an optimum level of adhesion (59 -61) . In the previous studies, the GC level of App/APP protein (as determined by Western blot) in APP-overexpressing neurons was nearly 2ϫ that of WT (31) whereas, in the Ts65Dn GCs, it was only 1.7ϫ control. Thus, the increased App/APP dosage in the former neurons and GCs may explain reduced outgrowth. It is possible that trisomy of other genes in DS neurons may have contributed to accelerated outgrowth, but this seems not likely, because partial knockdown of APP in DS neurons restored the normal outgrowth rate.
Appendages of DS axons
The use of monospecific growth substrates allowed examination of neuron and GC features that depended on a single type of adhesion molecule. As on laminin, the DS neurons grown on Abp formed strikingly abundant GC filopodia and unidentified projections (on neurite shafts and perikarya). Interestingly, however, a significant increase in the number of these appendages in DS neurons was observed on the Ibp and eL1 matrices as well. Furthermore, the increased numbers of filopodia on GCs were not found in neurons overexpressing APP alone (31) , and they seemed to persist to some extent on DS neurons after partial APP knockdown. These results indicated that APP-mediated cell adhesion contributed to, but was not necessary for, increased formation of filopodia. Therefore, the participation of other trisomic genes was likely. An obvious candidate was TIAM1 (T-lymphoma invasive and metastasis-inducing 1) located on Hsa21, which encodes a guanine nucleotide exchange factor that activates the Rho family members Rac1 and Cdc42 (54, 62, 63) .
Contact guidance of DS GCs is perturbed
The guidance of growth cones to their target areas depends on diffusible (attractants, repellents) as well as substrate-bound factors (33) . The stripe assays used here have been developed to assess quantitatively the substrate preference or contact guidance of growing axons (41, 64) . As shown previously, the level of APP expression in the axon profoundly affects GC discrimination among APP-binding and nonbinding matrices (31) . Our current findings indicate that these effects also apply to DS GCs. Like those overexpressing APP alone, DS GCs behaved like euploid GCs on Ibp or eL1, but, in contrast to euploid GCs, they greatly preferred Abp over Ibp. Partial knockdown of APP in DS GCs restored the euploid behavior in these assays. These observations are important because they establish that DS GCs can make aberrant pathfinding decisions that might affect the development of the brain's circuitry.
CONCLUSIONS
The difficulty of determining the mechanisms by which human trisomy 21 causes cognitive disability rests largely on the plethora of genes that may contribute to the syndrome. Consequently, there is no "DS gene" whose increased dosage causes the cognitive deficiencies of DS. Yet, APP has been of great interest because most individuals with DS develop an early-onset form of Alzheimer disease. For the present report, however, we investigated the role of APP in brain development. This study shows that DS neurons and, especially, their axonal GCs exhibit a distinctive phenotype dependent primarily on the overexpression of APP and the resulting increase in GC adhesion. Interestingly, however, the excessive formation of filopodia and other appendages, another aspect of this phenotype, was not entirely APP dependent and indicated the contribution of other genes. The results reported here were obtained in vitro and, to a large extent with mono-specific culture substrates. However, the GC phenotype observed on the laminin-derived Abp was present also on laminin (a brain ECM protein), even though laminin is a major Itgb1 substrate. Thus, it is highly likely that APP overexpression also affects GC function in the more complex microenvironment of the developing brain in vivo. Thus, our experiments may have uncovered a GC-based mechanism that contributes to the pathogenesis of DS-associated intellectual disability, an hypothesis that remains to be tested.
